Recent studies demonstrated that allograft inflammatory factor-1 (AIF-1) and RNASET2 act as chemoattractants for macrophages and modulate the inflammatory processes in both vertebrates and invertebrates. The expression of these proteins significantly increases after bacterial infection; however, the mechanisms by which they regulate the innate immune response are still poorly defined. Here, we evaluate the effect of bacterial lipopolysaccharide injection on the expression pattern of these genes and the interrelation between them during innate immune response in the medicinal leech, an invertebrate model with a simple anatomy and a marked similarity with vertebrates in inflammatory processes. Collectively, prokaryotic-eukaryotic co-cultures and in vivo infection assays suggest that RNASET2 and AIF-1 play a crucial role in orchestrating a functional cross-talk between granulocytes and macrophages in leeches, resulting in the activation of an effective response against pathogen infection. RNASET2, firstly released by granulocytes, likely plays an early antibacterial role. Subsequently, AIF-1 + RNASET2-recruited macrophages further recruit other macrophages to potentiate the antibacterial inflammatory response. These experimental data are in keeping with the notion of RNA-SET2 acting as an alarmin-like molecule whose role is to locally transmit a "danger" signal (such as a bacterial infection) to the innate immune system in order to trigger an appropriate host response.
AIF-1 and RNASET2 Play Complementary

Introduction
The innate immune response serves not only to counteract infections (either naturally occurring or following injury) but also to maintain tissue homeostasis and func-tional integrity, thus restoring the architectural structure to damaged organs and tissues [1] . In this context, efficient clearance of cellular debris by macrophages is known to prevent the persistence of potentially toxic or immunogenic material in the tissue environment and at the same time promotes tissue regeneration. A wide range of cytokines produced by inflammatory cells, including macrophages themselves, mainly orchestrates these processes. Thus, the generation of a rapid inflammatory response plays key roles in both host defense and tissue repair.
Several studies have demonstrated the importance of macrophages in the production and secretion of different molecules such as growth factors and cytokines, which induce vessels and mesenchymal cell recruitment to injured/grafted or bacteria-infected tissues. Among these cytokines, two macrophage-derived interesting molecules have been recently demonstrated to be involved in inflammatory responses and tissue regeneration: allograft inflammatory factor-1 (AIF-1) and the RNASET2, a member of ribonuclease T2 family [2] [3] [4] .
AIF-1 is a 17-kDa calcium-binding protein originally identified in rat cardiac transplant subject to chronic rejection and later found to be selectively expressed in macrophages and neutrophils [5] . Subsequently, several AIF-1-like factors showing high amino acid sequence conservation have been identified in other metazoans (both vertebrates [6, 7] and invertebrates [8] [9] [10] [11] ). AIF-1 expression was shown to increase significantly after transplantation, wound healing, or bacterial infections, strongly suggesting its involvement in the inflammatory response and in immune system regulation by attracting macrophages to the challenged area.
Ribonucleases (RNases) are hydrolytic enzymes that cut phosphodiester bonds within RNA molecules and represent one of the most versatile enzyme families, involved in an impressively wide range of biological processes [12] . Among the different ribonuclease families, the transferase-type RNase subfamily is split into three main groups: A, T1, and T2 RNases, among which only T2 RNases have been reported in all phyla examined so far, suggesting a very ancient and evolutionary crucial role for this subclass of ribonucleases [12] . Moreover, a growing interest has been recently focused on T2 RNase family members, due their key role in several critical biological processes such as angiogenesis, biogenesis of ribosomes, apoptosis, cell proliferation control and, most interestingly, regulation of immune response [13] . For instance, the human RNASET2 protein, which acts as a tumor suppressor in different types of cancer, has been reported to trigger the innate immune response by recruiting host macrophages endowed with oncosuppressive properties toward the tumor mass in vivo [13, 14] . Moreover, other members of the T2 RNase family have recently been shown to carry out a modulatory role in the immune response as well [15, 16] .
Although it is now acknowledged that both AIF-1 and RNASET2 play a crucial role in activating and modulating the innate immune response, the mechanism(s) by which they act are largely unexplored. A better understanding of the interplay between these two molecules may thus provide valuable insights into how the innate immune system regulates inflammation, disease development, or wound healing and at the same time yield valuable new therapeutics and interventional strategies to control immune and systemic responses to disease, injury, and bacterial infection.
Here, we propose the medicinal leech Hirudo verbana as a well-established experimental model to investigate the above-mentioned processes related to the innate immune response. Indeed, this invertebrate represents a cost-effective and easily manipulable model and without significant ethical considerations in relation to its use. In addition, its simple anatomy, physiological characteristics, and the less varied repertoire of cell types involved in immune response and wound healing allow to easily define the cellular and molecular mechanisms linked to these biological processes [17, 18] .
Differently from other Annelids (i.e., oligochaetes and polychaetes), leeches have a parenchymatous body and a reduced coelom [19, 20] . As previously mentioned, the anatomy of leech is relatively simple (Fig. 1) : underneath the epithelium, muscle fibers are organized in fields, surrounded by a scant extracellular matrix. The muscular sac is separated from the inner digestive tube by a loose connective tissue containing the botryoidal and the vasofibrous tissues [19] [20] [21] , from which most of the myeloid lineages-derived leucocytes arise [18] .
In healthy medicinal leech, a few resident immunocompetent cells, such as macrophages, type I and II granulocytes, and natural killer cells are poorly represented in the extracellular matrix surrounding muscle [22] . These immunocytes display features and behaviors typical of those found in vertebrates [23] [24] [25] . Moreover, a plethora of cytokines, growth factors, and cluster of differentiation proteins (CDs) have been reported in leeches, where they act as modulators of these processes in a very similar way when compared to vertebrates [25] [26] [27] [28] . In fact, our previous investigations showed that injection in leeches of human cytokines and growth factors promotes hematopoiesis, vascular growth, immune cell migration, and myofi-DOI: 10.1159/000493804 broblast differentiation [17] . Among these factors, AIF-1 and RNASET2 have recently been shown to play a pivotal role in the leech immune response and tissue repair [2, 3, 11] . Indeed, expression of both factors is significantly increased following lipopolysaccharides (LPS) or bacterial infection in leeches. We have previously demonstrated that the injection in the leech body wall of LPS induces a massive migration of macrophages towards the stimulated area. These immune cells in turn express and produce AIF-1 and RNASET2, both involved in other macrophage recruitment [2, 4] .
Based on these previous studies, we demonstrate for the first time an interrelation between these two molecules, which orchestrate a functional cross talk between granulocytes and macrophages. In particular, we show that RNASET2 is firstly released by granulocytes to play an early antibacterial role. Subsequently, RNASET2 recruits AIF-1 + macrophages with phagocytic activities in order to potentiate the antibacterial inflammatory response.
Materials and Methods
Animals and Treatment
Leeches (H. verbana, Annelida, Hirudinea, from Ricarimpex, Eysines, France) were kept in lightly salted water (NaCl 1.5 g/L) at 19-20 ° C in aerated tanks. Animals were randomly divided into separate experimental groups (5 individuals for each time point). Each injection was performed in the body wall at the level of the 20th metamere on leeches anesthetized by immersing them in a 10% ethanol solution. Treated and untreated (control) animals were anesthetized and then dissected to remove body wall tissues at specific time points. Samples were processed for optical and electron microscopy and immunofluorescence protocols. Animals were randomly split into three groups (5 individuals from each time point) and submitted to various protocols and treatments.
Group 1. Unstimulated control or iso-osmotic PBS solution (138 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , pH 7.4)-injected leeches, to verify the normal and correct morphological information about the body organization and to demonstrate that both the saline solution and the injection did not induce any immune response.
Group 2. T 30 min, T 1 h, T 3 h, T 6 h, T 24 h: samples injected with 100 μL sterilized PBS containing, respectively, 100 ng/mL LPS from Escherichia coli (Serotype 0111: B4, Sigma, St. Louis, MO, USA). 
Optical and Electron Microscopy
Tissues were fixed for 2 h in 0.1 M cacodylate buffer at pH 7.4, containing 2% glutaraldehyde, washed in the same buffer and postfixed for 1 h with 1% osmium tetroxide in cacodylate buffer, pH 7.4. After standard ethanol dehydration, specimens were embedded in an Epon-Araldite 812 mixture (Sigma-Aldrich, Milan, Italy). Sections were obtained with a Reichert Ultracut S ultratome (Leica, Wien, Austria). Semi-thin sections (0.75 μm in thickness) were stained by crystal violet and basic fuchsin [29] and observed under the light microscope Nikon Eclipse Ni (Nikon, Tokyo, Japan). Data were recorded with a DS-5 M-L1 digital camera system (Nikon). Ultrathin sections (80 nm) were placed on copper grids, stained by uranyl acetate and lead citrate and observed with a Jeol 1010 EX electron microscope (Jeol, Tokyo, Japan). Data were recorded with a MORADA digital camera system (Olympus, Tokyo, Japan).
Western Blot Assays
Tissues from injected and uninjected animals were immediately frozen in liquid nitrogen and then homogenized with a mortar. The homogenates were suspended in RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCl, pH 8.0), at a concentration of 10 μL per mg of tissue, in the presence of a protease inhibitor cocktail (Sigma-Aldrich). The particulate material was removed by centrifugation at 15,100 g for 10 min at 4 ° C in a refrigerated Eppendorf Minispin microcentrifuge (Hamburg, Germany). 30 µL of supernatants (40 µg/mL) containing total protein extract of 1 leech (in total 3 different animals were used for each treatment), were denatured at 100 ° C for 10 min and were loaded on 12% acrylamide minigels for SDS-PAGE analyses. Molecular weights were determined by concurrently running broad-range standards from Bio-Rad (Richmond, MA, USA). Proteins separated by SDS-PAGE were transferred onto Bio-Rad nitrocellulose filters. Membranes were then saturated with 5% nonfat dried milk in Tris-buffered saline (TBS; 20 mM TRIS-HCl buffer, 500 mM NaCl, pH 7.5) at room temperature for 2 h and incubated for 90 min with a rabbit polyclonal anti-RNASET2 [30] or an anti-HmAIF-1 [11] antibody (1: 5,000 dilution in 5% TBSmilk). After three washes with TBS-Tween 0.1%, antigens were revealed with a secondary anti-rabbit IgG antibody conjugated to horseradish peroxidase (Jackson ImmunoResearch Laboratories), diluted at 1: 5,000. Immunocomplexes were revealed with luminol LiteAblot PLUS Enhanced Chemiluminescent Substrate (EuroClone, Pero, Italy). In control experiments, anti-RNASET2 [13, 14] and anti-HmAIF-1 (specific for medicinal leech macrophage [4, 11] ) antibodies were substituted with rabbit preimmune serum (1: 20,000). Bands were normalized by using the ImageJ software package (http://rsbweb.nih.gov/ij/download.html), and the housekeeping protein D-glyceraldehyde-3-phosphate dehydrogenase (GAPDH), used as an internal reference, was detected with a rabbit polyclonal anti-human GAPDH IgG (Proteintech, Chicago, IL, USA), diluted at 1: 2,000.
Immunohistochemistry
Tissue samples were embedded in Polyfreeze tissue-freezing medium (OCT, Tebu-Bio, Le Perray-en-Yvelines, France/Polysciences, Eppelheim, Germany), immediately frozen in liquid nitrogen, and then kept at -80 ° C. Cryosections (7 µm) obtained with a cryotome (Leica CM1850) were collected on gelatinous slides and kept at -20 ° C.
For double-labelling immunofluorescence assays, sections were rehydrated with PBS 1× for 10 min and then preincubated for 30 min with blocking solution (2% bovine serum albumin and 0.1% Tween20 in PBS) that block the nonspecific sites. The same blocking solution was used to dilute the following primary antibodies: rabbit anti-RNASET2 (1: 100); goat anti-CD11b (Santa Cruz Biotechnology, CA, USA), known to react with leech granulocytes [25] (1: 100); rabbit anti-HmAIF-1, (1: 1,000). After several washes, specimens were incubated for 45 min with the following secondary antibodies (Abcam, Cambridge, UK): goat anti-rabbit Cy5 conjugated (excitation filter 650 nm, emission filter 672 nm), donkey anti-goat Cy5 conjugated, or donkey anti-rabbit fluorescein isocyanate (FITC)/conjugated (excitation filter 493 nm, emission filter 518 nm), all diluted at 1: 200. Sections were treated with 1 mM CuSO 4 in 50 nM ammonium acetate buffer (pH 5.0) for 15 min and then washed in distilled water and PBS for reducing tissue autofluorescence while preserving the specific fluorochrome signal [31] . In all control experiments, primary antibodies were substituted with rabbit preimmune serum (1: 100) or were omitted, and sections were incubated only with the secondary antibodies. Nuclei were stained by incubating for 3 min with 4′,6-diamidino-2-phenylindole (DAPI; 0.1 mg/mL in PBS, excitation 340 nm, emission 488 nm). The slides were examined with a Nikon fluorescence microscope. Images were combined with Adobe Photoshop (Adobe Systems, San Jose, CA, USA).
Immunogold
Samples were fixed for 2 h at 4 ° C with 4% paraformaldehyde and 0.5% glutaraldehyde in PBS, dehydrated in ethanol series and embedded in an Epon-Araldite 812 mixture (Sigma-Aldrich). Ultrathin sections, obtained as above, were collected on gold grids (300 mesh). After etching with NaOH 3% in absolute ethanol [32] , they were incubated for 30 min in blocking solution containing PBS, 1% bovine serum albumin, and 0.1% Tween and then with the polyclonal primary antibody rabbit anti-human RNASET2 diluted at 1: 20 in blocking solution. After several washings with PBS, the primary antibody was visualized by immunostaining with the secondary goat anti-rabbit IgG (H+L)-gold conjugate antibody (GE Healthcare, Amersham, UK; particle size, 10 nm) diluted at 1: 100 in blocking solution for 1 h. In control experiments, the primary antibody was omitted or was substituted with the rabbit preimmune serum (1: 100), and sections were incubated with secondary antibody alone. After several washings with PBS, samples were treated for 5 min with PBS containing 0.5% glutaraldehyde, counterstained with uranyl acetate and observed under a Jeol 1010 EX transmission electron microscope (Jeol).
Cell Culture Lines and Bacterial Strain Growth Conditions
The human promonocytic THP-1 cell line [33] was cultured in RPMI-1640 media, 10% FBS, 1% glutamine. The silence RNASET2 THP-1 SH cell line was cultured in the same medium supplemented with 0.75 µg/mL puromycin. Both cell lines were maintained in a humidified incubator (37 ° C, 5% CO 2 ). THP-1 cells were differentiated into macrophages by addition of 5 ng/mL phorbol 12-myristate 13-acetate for 48 h in MT12 wells at a concentration of 0.65 × 10 6 cells/mL. P. aeruginosa PAO1 [34] was transformed using the pVO(GFP) expression vector; a pJB3 KmD derivative, in which the GFP coding sequence was cloned under an arabinose inducible promoter (pAra). Both strains were grown overnight in LB medium (SigmaAldrich) at 37 ° C under 200 rpm shaking.
THP-1 and P. aeruginosa PAO1 Co-Cultures
The medium of THP-1 cell cultures treated for 48 h with phorbol was changed and three washes were performed before the bacterial inoculum. P. aeruginosa PAO1 expressing GFP was induced for 30 min with arabinose 1 mM inoculum to THP-1 cell cultures. A sample of PAO1 cells suspended in 50 mM phosphate buffer, pH 7.4 has been dispensed to THP-1 cells (500,000 cells/well) to reach a concentration equal to ∼10 7 CFU/mL. Upon 2 h co-culture at 37 ° C, GFP expression was checked through fluorescence microscopy (488/525 nm, for FITC signals). Bacterial viability was checked through a plate count technique. A volume (0.1 or 0.01 mL) of undiluted or serially diluted samples was plated on LB agar plates and incubated for 24 h at 37 ° C. Viable counts were expressed as colony-forming units (CFU mL −1 ).
Leech Infection
Leeches were injected in the body wall, at the level of the 20th metamere, with 100 µL of PBS containing P. aeruginosa PAO1 expressing GFP at a concentration equal to 10 7 CFU/mL. For func-DOI: 10.1159/000493804 tional blocking experiments, animals were injected with a sample of bacterial culture treated with 1 µL of antibody anti-RNASET2 to inhibit the possible bactericidal activity of this enzyme. After 30 min, tissue samples were collected, embedded in Polyfreeze tissuefreezing medium (OCT) and immediately frozen in liquid nitrogen. Cryosections (7 µm) were counterstained with crystal violet and basic fuchsin for morphological analysis and with DAPI (0.1 mg/mL in PBS) to highlight bacterial chromosomal DNA. Specimens were then observed under a light optical microscope and fluorescence Nikon Eclipse Ni (Nikon, Japan). DAPI was visualized with excitation and emission filter 360/420 nm, and to evaluate bacterial GFP, excitation and emission filter 488/525 nm was used.
Statistical Analysis
The percentages of CD11b + /RNASET2 + cells were assessed by analyzing 5 different slides (random fields of 45,000 µm 2 for each slide) for each experimental time point using the Image J software package. Cells in the chosen fields were counted by hand as macrophages if they were RNASET2 + FITC labelled [2] or as granulocytes if they were CD11b + /RNASET2 + (yellow labelled as a result of CY5/FITC double staining). Statistical analyses were performed using Statistica 7.0 software (StatSoft Inc., Tulsa, OK, USA), and differences were calculated by one-way ANOVA followed by Fisher's post hoc test, and p < 0.05 was considered statistically significant.
Results
We have previously reported that AIF-1 and RNASET2 are significantly upregulated at 6 and 24 h following LPS injection, and that this change in their expression is involved in leech macrophage recruitment [2, 3] . However, the underlying mechanisms by which these two factors operate are still poorly characterized. For instance, it is still not clear whether they display a different temporal expression profile during the earliest phases of the inflammatory response (30 min to 24 h) and what their specific role in the innate immune cell activation is. To address these issues, here we first carried out a morphological analysis on leech tissue sections from unlesioned and PBSand LPS-injected leeches to better characterize the phenotype of the immune cells activated at different time points following LPS injection. Further, the temporal expression profile of AIF-1 and RNASET2 was evaluated by Western blot and immunohistochemistry.
Morphological Analysis of Leech Tissues Injected with LPS
The immune cell population recruited following LPS injection was characterized by both optical and ultrastructural analysis. Morphological examination of the body wall showed that, in both unlesioned (Fig. 2a) and control PBS-injected leeches (Fig. 2b) , macrophages ( Fig. 2c ) and vasofibrous tissue (Fig. 2d) were poorly represented underneath the epithelium and among muscle fibers. Of note, the vasofibrous tissue was formed by vasocentral cells showing an electron-dense cytoplasm containing a few large granules and by vasofibrous cells characterized by a cytoplasm filled with several small highly electron-dense granules (Fig. 2d) . As previously reported, following LPS stimulation the vasocentral and vasofibrous cells dissociated from each other [35, 36] , and the vasofibrous cells gave rise to type I granulocytes [37] . Indeed, 30 min after LPS injection, several vasofibrous tissue cells crossing the thick muscle layers were readily recognizable by light microscopy due to their dark pigmentation (Fig. 2e) . By transmission electron microscopy (TEM) analysis, vasofibrous cell-derived type I granulocytes [37] were clearly recognizable underneath the epithelium and characterized by small round electron-dense granules (Fig. 2f) . At 6 h following LPS injection (Fig. 3a-c) , numerous type I granulocytes and macrophages were readily detected in the injected area in both connective tissue surrounding the muscle fibers and underneath the epithelial region. Macrophages were clearly recognizable by their irregular membrane border, involved in the formation of pseudopodia ( Fig. 3a-b1 ), a typical feature of cells engaged in active migration and phagocytosis. Significantly, ultrastructural TEM analysis also showed that recruited macrophages in LPS-challenged areas were strictly associated with type I granulocytes (Fig. 3b1) . Indeed, at 6 h following LPS stimulation, numerous macrophages were detected also underneath the epithelium close to type I granulocytes, characterized by a large nucleus and small electron-dense granule-filled cytoplasm (Fig. 3d, c) . Interestingly, some granulocytes apparently emptied of their granules were also present (Fig. 3e) , suggesting that these cells were releasing antimicrobial and/ or cytotoxic molecules from their granules in the extracellular environment, as already described for other invertebrates [38, 39] .
Western Blot Analysis of AIF-1 and RNASET2 in LPS-Injected Medicinal Leech
In order to better characterize the temporal expression profiles of AIF-1 and RNASET2, Western blot assays were performed in LPS-and control PBS-injected leeches at different time points after treatment (30 min, 1, 3, 6, and 24 h) (Fig. 4a-f to the expected molecular weight for this protein [4] , and of two main RNASET2-immunoreactive bands of approximately 36 kDa (the known secreted form) and 29 kDa (a known intracellular form especially visible only in a subset of the tested samples), respectively [2, 40] . Strikingly, in the protein extracts from LPS-injected tissue areas, not only did the amount of both proteins increase significantly, their expression profile turned out to be quite different as well (Fig. 4c, d ). In particular, AIF-1 expression was highly increased from the earliest phases of LPS-mediated inflammation (30 min), and then it slightly decreased up to 24 h after treatment. Interestingly, the trend for RNASET2 expression following LPS injection was quite different, since this protein showed two distinct peaks of expression, at 30 min and 6 h from stimulation. 
AIF-1 and RNASET2 Tissue Localization
The expression profile of AIF-1 and RNASET2 was also analyzed by double immunofluorescence staining, using both anti-HmAIF-1 and anti-RNASET2 polyclonal antibodies on cryosections obtained from unlesioned and PBS-injected leeches (Fig. 5a-c1 ) compared to LPS-challenged leeches (Fig. 5d-i1) .
As previously demonstrated [2, 3] , double immunofluorescence assays confirmed that the two proteins are constitutively expressed in unlesioned (Fig. 5a ) and in PBS-injected animals (Fig. 5b) . However, the signal intensity detected for both proteins significantly changed following injection with LPS. In general, the number of cells positive for both AIF-1 and RNASET2 significantly increased following LPS injection, although AIF-1 -/ RNASET2 + cells were also detected at specific time points. In particular, several AIF-1 + /RNASET2 + cells were detected at 30 min and 1, 3, 6, and 24 h after treatment . Statistical differences were calculated by one-way ANO-VA followed by Tukey's post hoc test, and p < 0.05 was considered statistically significant (between PBS and LPS treatments). Means with different letters indicate significant difference between PBS and LPS treatments at different times. Experiments were performed in triplicate, and data represent mean values ± SEM. Statistical analyses were performed using Statistica 7.0 software (StatSoft Inc., Tulsa, OK, USA), and differences were calculated by oneway ANOVA followed by Fisher's post hoc test, and p < 0.05 was considered statistically significant. were assessed by analyzing 5 different slides (10 random fields of 45,000 μm 2 for each slide) using the Image J software package. Statistical differences were calculated by factorial ANOVA followed by Tukey's post hoc test, and p < 0.05 was considered statistically significant (between PBS-and LPSchallenged leeches). Means with different letters indicate significant difference between the number of granulocytes and macrophages in untreated animals. DOI: 10.1159/000493804 (Fig. 5d-h) , whereas AIF-1 -/RNASET2 + cells were mainly observed at 30 min and 6 h after treatment (Fig. 5d, g ), in keeping with the observed pattern of RNASET2 expression shown by Western blot analysis. No signal was detected in negative control experiments in which primary antibodies were substituted with blocking solution (Fig. 5c, i) or preimmune serum (Fig. 5c1, i1) .
These data suggested that, besides macrophages, other types of immune cells were expressing RNASET2, and based on morphological analysis, we hypothesized that these AIF-1 -/RNASET2 + cells might represent type I granulocytes.
Immunophenotype Characterization of LPS-Induced Migrating Immune Cell Populations
To further characterize the AIF + /RNASET2
+ and AIF -/RNASET2 + cell populations recruited to LPS-challenged areas, we performed double-staining experiments using an anti-CD11b antibody to detect leech granulocytes [25] , and an anti-RNASET2 antibody. The experiments showed that, 30 min (Fig. 6a-c ) and 6 h (Fig. 6d,  e) following LPS stimulation, both CD11b + /RNASET2 + and CD11b -/RNASET2 + cells gathered at the injection area and were mainly localized underneath the epithelium (Fig. 6a, d ) and among the muscle fibers (Fig. 6d, e) . Interestingly, cell counting performed on five representative images of CD11b + cells at each time lapse showed that CD11b + /RNASET2 + granulocytes and CD11b -/ RNASET2 + macrophage cell numbers were differently distributed during the different phases of the inflammatory response. Indeed, the number of granulocytes largely increased just 30 min following stimulation, remained high at 6 h and then decreased and returned to a baseline level at 24 h from stimulation. By contrast, the number of infiltrating macrophages was lower than that of granulocytes in the early inflammatory phase, but it grew gradually in later phases to reach a peak at 6 h from stimulation.
The presence of RNASET2 in CD11b + /RNASET2 + leech granulocytes was also confirmed by immunogold staining in LPS-challenged leeches at 30 min (Fig. 7a-c) . Strikingly, electron microscope analysis clearly showed the presence of RNASET2-positive gold particles specifically localized in the granules of these cells (Fig. 7b) . No gold particles were detected in control experiments in which the primary antibody was omitted (Fig. 7c) or substituted with preimmune serum (Fig. 7d) . Besides confirming the expression of RNASET2 in granulocytes, these data also demonstrated that this enzyme was stored in their granules.
Evaluation of the Antibacterial Effect of RNASET2
The RNASET2 localization pattern in the electrondense granules of granulocytes prompted us to investigate whether this enzyme could directly or indirectly affect bacterial viability. To better evaluate this hypothesis, an in vitro eukaryotic-prokaryotic co-culture was set up.
The human monocytic leukemia-derived cell line (THP-1) was committed to differentiate into macrophage-like cells following treatment with phorbol esters, thus mimicking native monocyte-derived macrophages. We chose this experimental system because differentiated THP-1 cells represent a well-established model of in vitro macrophage differentiation when compared to other human myeloid cell lines [33] . In our co-culture assay, THP-1 cells, which normally express and secrete high endogenous RNASET2 levels [Scaldaferri et al., submitted], were compared to their RNASET2-silenced counterpart ( Fig. 8a-d) in the presence of the GFP-expressing PAO1 P. aeruginosa strain described in the Materials and Methods section.
Upon a 2-h co-culture at 37 ° C, bacteria cell integrity was checked by evaluating the GFP expression by fluorescence microscopy. Strikingly, the rod-like morphology of P. aeruginosa PAO1 cells co-cultured with parental RNA-SET2-expressing THP-1 cells could be hardly perceived and the GFP fluorescence signal appeared largely scattered, suggesting a bacterial stressful condition (Fig. 8a,  c) . By contrast, P. aeruginosa PAO1 cells co-cultured with RNASET2-silenced THP-1 cells maintained their cellular typical rod morphology (Fig. 8b, d) . Bacterial viability has also been checked in both co-cultures with parental and RNASET2-silenced THP-1 cells, but no significant difference was observed after 2 h from the inoculum (∼ 10 7 CFU/ml). Based on these results, GFP-expressing P. aeruginosa PAO1 cells were directly injected into the leech body wall (Fig. 8e-j) to evaluate the in vivo effects of leech RNASET2 on bacterial viability. The microorganisms were injected with and without a neutralizing anti-RNA-SET2 antibody, which does not induce an inflammatory response but functionally inhibits the endogenous leech RNASET2 protein function [2] . Leeches were sacrificed 30 min after infection, the time point at which a high expression of RNASET2 was correlated with a high number of granulocytes, and tissue sections were examined by optical and fluorescence microscopy. Strikingly, in vivo antibody-mediated blocking of the RNASET2 protein was associated with the observation of apparently undamaged bacteria, forming clusters in the connective tissue of the infected animals (Fig. 8e) . These bacteria showed the typical rod shape easily recognizable by GFP (Fig. 8f) DAPI (Fig. 8g) signals, respectively. By contrast, in leech infected in the absence of neutralizing anti-RNASET2 antibody, no bacterial clusters were observed in the tissues (Fig. 8h) and a diffused GFP signal was detectable. Only a few intact bacteria were recognizable (Fig. 8i, j) . These results support a possible RNASET2-mediated bacterial cell wall damage or a failure in expression machinery given that the GFP signal was not associated with bacteria cells. Collectively, these data support our hypothesis that the RNASET2 protein might play an antimicrobial role.
Discussion
Several experimental reports have demonstrated a remarkable resemblance and evolutionary conservation of both the cell types and the underlying pathways by which Hirudinea and vertebrates trigger the inflammatory and immune response processes [18, 22] . Hirudinea are continuously exposed to attack and invasion from potential pathogens such as microorganisms or parasites [41] . In order to deal with this constant threat, they are endowed with several effective strategies to recognize and destroy "not-self" molecules or microorganisms. Indeed, bacterial infections, wounds or allografts activate a complex defense response in leeches, including proliferation and migration towards the stimulated area of immunocompetent cells involved in phagocytosis, encapsulation of not-self agents, angiogenesis, fibroplasia, and reshaping of scar tissues [23] [24] [25] 42] . As mentioned above, these processes involve cellular mechanisms and key effector molecules that proved to be very similar to those deployed by vertebrates. Due to these remarkable similarities to vertebrates in inflammatory response and tissue repairing, medicinal leeches belonging to the Hirudo genus are thus increasingly exploited as an emerging, cost-effective, and valuable experimental model to investigate the mechanisms that underlie these biological processes [18, 22] .
Within this frame, recent studies from our laboratories, focused on functional analyses of the immunomodulatory AIF-1 and RNASET2 proteins, allowed us to investigate the biological role played by these factors in the activation of the innate immune system in this animal model.
The allograft factor 1 (AIF-1) protein, a novel cytokine-like molecule involved in immunocyte recruitment into injured/grafted or infected tissues both in vertebrates [6, 7, 43] and invertebrates [8] [9] [10] 44] , has recently been characterized in leech by our research group. Indeed, a gene showing high similarity with vertebrates' AIF-1, named HmIba1/alias HmAIF-1, has been recently characterized in the central nervous system of the medicinal leech [11] . Of note, the expression of AIF-1 in leech has been reported to increase significantly after transplantation, wound healing, or bacterial infections, suggesting its involvement in the inflammatory response and in immune system regulation. Strikingly, immunohistochemical assays with an anti-HmAIF-1 polyclonal antibody revealed the presence of this protein in leech macrophagelike cells. Moreover, recombinant AIF-1 was shown to induce a massive migration of CD45 + /CD68 + macrophages towards infected of injured tissues [4] .
In our previous work, a chemotactic role of leech cells belonging to the monocyte-macrophage lineage cells has been observed for RNASET2 as well. Indeed, injection of human recombinant RNASET2 in leeches induced a massive migration of macrophage-like cells towards the stimulated area, and endogenous RNASET2 was found to be expressed in leech's macrophages as well.
Although these previous data strongly implicate both AIF-1 and RNASET2 as evolutionary conserved mediators of the innate immune response, the specific mechanisms by which they regulate innate immune cells functions and that define their specific roles in inflammation and innate immune response activation remain largely unexplored. Our preliminary data strongly suggested that both molecules seem to play a similar role in the early stages of the inflammatory response but could also take part in later events that activate the immune response stimulating macrophage migration. However, neither the precise timing of action of both factors during the inflammatory response nor their putative functional interactions have been investigated so far.
Here, we provide further experimental evidence supporting a critical role of both factors in orchestrating a highly coordinated response against pathogen infection in medicinal leeches. To shed more light on these issues, we first analyzed the in vivo expression levels of both AIF-1 and RNASET2 in tissues from LPS-injected leeches by immunoblot analysis at different times after treatment. This allowed us not only to confirm that AIF-1 and RNA-SET2 are both activated in the early inflammatory events, but also to unveil a peculiar temporal expression profile for these two cytokines. Since medicinal leeches present a very fast inflammatory response [24, 45] , we decided to investigate the temporal expression profiles of both proteins at 30 min and 1, 3, 6, and 24 h following LPS injection. Quantitative analyses of the data clearly showed that, whereas AIF-1 and RNASET2 were constitutively DOI: 10.1159/000493804 In medicinal leeches, LPS injection is known to induce a massive migration and activation of immunocompetent cells, which are mainly localized in the connective tissue and near the body wall epithelium [2, 3] . Double immunofluorescence experiments of LPS-injected leeches showed a massive recruitment of both CD11b + /RNAS-ET2 + granulocytes and AIF-1 + /RNASET2 + macrophages underneath the epithelium and near the muscular fibers, with a signal specificity for each antibody in keeping with the data obtained by the previous Western blot analysis. By contrast, control samples analyzed following PBS injection showed a tissue architecture similar to unlesioned animals, indicating that neither the mechanical stress induced by injection nor the vehicle solution alone could significantly affect AIF-1 or RNASET2 expression.
Taken together, the observed AIF-1 and RNASET2 expression pattern clearly suggests the involvement of both proteins in the early inflammatory processes of H. verbana.
Moreover, the expression of RNASET2 by granulocytes, which to our knowledge has not been reported before, prompted us to evaluate the possible involvement of leech granulocytes in RNASET2 production and secretion. Our optical, ultrastructural, and immunohistochemical analyses of LPS-injected leeches confirmed that CD11b + / RNASET2 + granulocytes, representing the first immunocompetent cells that are activated to trigger a defense response against microbial infections, are early recruited at the site of LPS injection. Moreover, RNASET2 turned out to be specifically confined in the granules of these cells, suggesting a possible antibacterial role of this protein. It is important to stress that several ribonucleases are known to be endowed with a strong antibacterial activity such as the RNASE A superfamily members RNase 3, 6, 7, and 8, whose antibacterial activity has been associated with disruption of the bacterial membrane [46, 47] . In fact, these enzymes display a strong affinity for LPS of Gram-negative bacteria, take contact with the bacterial cellular membrane and subsequently destabilize the phospholipid double layer, finally triggering the agglutination and depolarization of the bacterial membrane [48, 49] . Interestingly, several members of this RNase superfamily are often expressed in different types of immune cells [50] . For instance, EDN/RNase2 and ECP/RNase3 have been detected in the secondary granules of eosinophils [51] , whereas Rnase2 and RNase3 represent two actively secreted proteins that were found in the granules of these cells during an inflammatory response [52] .
Following the detection of RNASET2 in the granules of RNASET2 + /CD11b + cells in LPS-challenged leeches, we set up in vitro and in vivo assays to evaluate the ability of Hirudo RNASET2 to affect P. aeruginosa PAO1 integrity. Strikingly, both assays strongly suggested that RNASET2 affects bacterial integrity. Although several antimicrobial peptides produced by medicinal leech have been described [53, 54] , to our knowledge, this is the first report of the occurrence of an antibacterial activity of a ribonuclease protein in this animal model. The expression of RNASET2 seemed not to interfere with bacterial viability as outlined from viability assay in co-cultures. However, P. aeruginosa co-cultured with parental THP-1 cells released in the extracellular environment the GFP, suggesting a modification of membrane permeability. Although GFP release was apparently not able to influence cellular viability under the tested conditions, it could nevertheless represent the first part of a multistep in vivo antimicrobial response involving other immune system cells. The observed release of the GFP in both in vitro cocultures and in vivo could therefore be attributed to the direct effect of RNase T2 on the bacterial envelope. For instance, the cationic residues of RNASET2 could bind to the anionic bacterial membrane to induce cell death [47] . However, an indirect antimicrobial effect of RNase T2 cannot be ruled out, and further investigations are needed to shed light on both hypothesized antimicrobial mechanisms. Collectively, these results suggest that the innate immune response could be activated and modulated in medicinal leeches by the establishment of an AIF-1/RNAS-ET2-mediated cross talk involving the recruitment and activation of granulocytes and macrophages, resulting in an effective defense against bacterial infections.
Thus, we can envisage an early inflammatory response in leeches, where both residents, LPS-activated AIF-1 + macrophages, and CD11b + LPS-recruited granulocytes actively produce and secrete RNASET2, whose effect is to send an alarm signal to nearby healthy tissue in order to recruit further innate immune cells and at the same time to carry out a direct antibacterial activity.
Moreover, the AIF-1 protein actively secreted by LPSactivated, resident macrophages contributes to immune cell recruitment as well [3, 4] . At later stages (6 h after treatment), a second boost of RNASET2 expression ensues to maintain the inflammatory state by means of recruitment of further macrophages (as shown by the resumed AIF-1 expression detected by Western blot analysis at 24 h) in order to clean the infected area from bacterial debris.
Conclusion and Future Perspectives
Taken together, our data strongly suggest that, in addition to the well-established role of AIF-1 in triggering the innate immune response, the early phase of the inflammatory response in leeches is characterized by the contemporary release of RNASET2 and AIF-1 from immunocompetent cells, which might carry out different but complementary roles, namely bacterial killing and further innate immune cell recruitment. Moreover, at later stages of infection, RNASET2 might act mainly as a chemokine in order to attract new macrophages (which in turn produce RNASET2 by themselves) to further strengthen the inflammatory state (as schematically shown in Fig. 9 ).
Such dual role (antibacterial activity and innate immunity stimulation) played by RNASET2 represents a further demonstration of the pleiotropic role carried out by this class of ancient, evolutionary conserved ribonucleases. To confirm the evolutionary conserved function of RNAS-ET2 in regulating the innate immune response, the role of the H. verbana RNASET2 gene in the response to bacterial infection will be investigated as well following the cloning of the corresponding gene's coding sequence. Moreover, we are currently implementing experimental protocols for endogenous RNASET2 gene knockdown in leeches, in order to develop functional assays aimed to further dissect the role of RNASET2 in inflammatory response.
